Oxygen ion transport is the key issue in redox processes. Visualizing the process of oxygen ion migration with atomic resolution is highly desirable for designing novel devices such as oxidation catalysts, oxygen permeation membranes, and solid oxide fuel cells. Here we show the process of electrically induced oxygen migration and subsequent reconstructive structural transformation in a SrCoO 2.5−σ film by scanning transmission electron microscopy. We find that the extraction of oxygen from every second SrO layer occurs gradually under an electrical bias; beyond a critical voltage, the brownmillerite units collapse abruptly and evolve into a periodic nano-twined phase with a high c/a ratio and distorted tetrahedra. Our results show that oxygen vacancy rows are not only natural oxygen diffusion channels, but also preferred sites for the induced oxygen vacancies. These direct experimental results of oxygen migration may provide a common mechanism for the electrically induced structural evolution of oxides.
O xygen stoichiometry plays a ubiquitous role in the structure evolution and property optimization of oxide materials including catalytic activity, oxygen ionic conductivity, oxygen permeability, etc [1] [2] [3] [4] . Oxygen vacancies (V O s), as one of the most common ion defects, can be effectively employed to tune the functionality of transition metal oxides 5 such as superconductivity of cuprates 6 , induced polarization 7, 8 , metalinsulator transitions [9] [10] [11] and distinct chemical expansion 12 . Specifically, it is considered that the dynamic behaviour of V O s, especially the electromigration of V O s, determines the performance of oxide-based electroresistive memories. For example, an electric field may alter the concentration of oxygen vacancies (Vos) as well as the distribution of oxygen atoms in a crystal lattice, leading to structural instability such as phase separation and thus changes in crystallographic symmetry and functionalities of transition metal oxides such as resistance switching 13 . However, although several hypotheses have been proposed, experimentally characterizing chemical element migration such as oxygen, and crystal structural evolution under an electric field with atomic resolution has been very challenging.
Benefiting from the enhanced image resolution of aberrationcorrected transmission electron microscopy (TEM), now it is feasible to characterize the details of oxygen sublattices such as octahedral distortions and local oxygen occupation, at an atomic scale by angular bright-field (ABF) imaging 14, 15 or negative Cs imaging (NCSI) technique 16 , which effectively provides new insights into Vo distribution and the related improved electrical and magnetic properties. However, the atomic-resolution studies so far have been all static. Despite highly desirable, in situ characterization of oxygen, and crystal structural evolution under an electric field with atomic resolution has not been achieved to date mainly due to the technical challenge. Therefore, previous experimental approaches of dynamic oxygen ion migration were based on indirect analysis on the change of lattice or spectrum at the nanometer scale or above [17] [18] [19] .
Here we construct a stable platform for in situ characterization of oxygen at atomic scale by adopting a combination of chipbiased configuration, focused ion beam (FIB) milling and aberration corrected scanning transmission electron microscopy (STEM). The mechanical instability introduced by movable portions in the conventional in situ holders with an electrical bias was avoided, allowing the in situ atomic resolution imaging. With this approach, we investigated the electric-induced oxygen migration and subsequent phase transformation in a SrCoO 2.5−σ film.
Results
Experimental set-up for in situ electrical bias in a STEM. We selected brownmillerite-type SrCoO 2.5 as a model system because of its intrinsic oxygen-vacancy ordering, rich polyhedral configurations, and well-studied chemical expansion 20, 21 , which can be described as alternating stacks of [CoO 4 ] tetrahedral and [CoO 6 ] octahedral layers, with Sr atoms located in the interstitial sites between polyhedra as shown in Fig. 1a . The setup for the insitu TEM study is shown in Fig. 1b ,c. A cross-section of the 50-nm SrCoO 2.5−σ film was thinned to electron transparency and fixed on the bias chip for in-situ TEM observations, so that we can simultaneously survey resistance states and record corresponding structure changes when applying an electric field. The SrCoO 2.5−σ film was pre-treated to the low-resistance state (LRS) using the voltage-current cycle shown in Supplementary Fig. 1 . The current-voltage (I-V) curve ( Fig. 1d Atomic-resolution STEM study of V O migration. We performed high-angle annular dark-field (HAADF) and angular bright-field (ABF) imaging of SrCoO 2.5−σ films in the pristine state, the LRS and the LRS under 1 V as shown in Fig. 2 , to estimate the oxygen occupation in the CoOx and SrOy layers before the phase transformation. In the oxygen-deficient perovskite ACoO 3-x (A represents alkaline earth or rare earth elements), a local oxygen deficiency would expand the lattice 20 ; a nearly linear relation between the A-A cationic distance and the oxygen deficiency of CoOx layers has been confirmed 12 Table 1 and Fig. 2) show that the average value of x in the CoO x layer decreased from 1.48 ± 0.09 in the LRS to 1.41 ± 0.11 in the 1V-LRS. On the other hand, the evolution of oxygen ions in the SrOy layers can be directly seen in the ABF images ( Fig. 2d-f ) where the dark dots indicate atomic positions. Line profiles of contrast ( Fig. 2i-k) , reflect the oxygen occupation in the SrO layers in these three states. For the pristine state ( Fig. 2d ,i), the oxygen intensity in each SrO layer was similar, indicating that all SrO layers have nearly the same oxygen content. However, in the LRS ( Fig. 2e ), the oxygen intensity shows an obvious periodicity as marked by the half-filled square in Fig. 2j . This periodicity indicates that oxygen atoms were only extracted from every second SrO layer. When the voltage was increased to 1.0 V, a further reduction of oxygen contrast was observed ( Fig. 2f ,k). The simulated ABF images (Supplementary Fig. 3 and Supplementary  Fig. 4 ) suggest that in the LRS state roughly half of the oxygen sites are filled in every second SrO layer (x = 0.55 ± 0.10; Supplementary Fig. 4b ), while the weak contrast for the 1V-LRS suggests that <0.4 of the sites are filled (x = 0.35 ± 0.10). Hence, combining measurements on the HAADF lattice spacings with the ABF intensity profiles, we estimated that the composition changed from SrCoO 2.50 in the pristine material to SrCoO 2.26±0.14 in the LRS state to SrCoO 2.09±0. 16 in the LRS state under 1 V (Supplementary Table 1 ).
Nano-twinned NSCO phase. Raising the voltage to 1.5 V induced a sudden structural phase change from the brownmillerite structure ( Fig. 2a ) to the new crystal structure shown in Fig. 3a . This new phase has a periodic (110)p twined structure which we call the New-SrCoO 2.5−σ (NSCO) structure here. In this structure the two Sr-Sr distances, d SrT and d SrO , become equal (Fig. 2g) . The NSCO has a large c axis length (c n~4 .30 Å, where the subscript n denotes NSCO) and a large axial ratio (c n /a n = 4.30/3.62 = 1.18). ABF images of the NSCO structure ( Fig. 3c) Supplementary Fig. 5 ), respectively, indicating that the oxygen ions redistributed between the SrO and CoO layers to form the new polyhedral. This oxygen migration and redistribution lead to the elongation along the c axis and contraction along the a axis that occurs in the transformation to the NSCO structure. Of interest, a nano-twined structure was formed presumably due to the strain energy relaxation, similar to the formation of twinned domain structure in epitaxial Pb(Zr 0.2 ,Ti 0.8 )O 3 thin films 22 . The periodicity of the nano-twined structure can be attributed to the substrate clamping effect, where each domain contained an edge dislocation at the interface as shown in Supplementary Fig. 6 , which accommodates the lattice mismatch between twinned domains and the Nb-doped SrTiO 3 substrate.
Consistent with the atomic structure analysis, the associated electron energy loss spectra also show characteristic changes during the phase transformation in Fig. 3d . The first peak (529.5 eV) at the O K edge decreased when the sample changed from its pristine state to LRS, indicating the creation of V O s 23 . As the structure transformed into the NSCO phase, the first peak at the O K edges disappeared. Valence states of Co in three states: 2.84~3.08, 2.54~2.67 and 2.02~2.15 for the pristine, 0V-LRS and the NSCO phase, were obtained by analysing L 3 /L 2 intensity ratio of Co with the method reported by Z.L. Wang et al. 24 ; details can be found in Supplementary Fig. 7 . Here we aligned the peak positions of Co L 3 edge in each spectrum to better display the intensity variations of Co L 2 edge. In fact, the Co L 3 edge shifts towards a lower energy of 774.5 and 772.7 eV in the LRS and NSCO ( Supplementary Fig. 8 ), respectively, indicating an obvious change in the electronic structure of the NSCO phase.
Discussion
Based on the direct observation of the electro-chemomechanically coupled phase transformation presented above, we analyzed the oxygen migration process by finding the possible oxygen extraction sites in pristine SrCoO 2.5 . As shown in Fig. 3e With systematic theoretical calculations, we concluded that the in-phase distorted tetrahedron structure (Fig. 3f) is the most likely one for the NSCO phase with the ideal composition of SrCoO 2 . The in-phase distorted tetrahedron structure demonstrates a good agreement with the experimental observation as shown in the simulated HAADF and ABF images inserted in Fig. 3b ,c. It displays a large c lattice constant (4.13 Å) and c/a ratio (4.13/3.58 = 1.14), which is also close to the experimental values. The small difference between calculated and experimental lattice parameters might be caused by the strain field of NSCO restricted by the substrate and twin boundaries.
Regarding the migration paths of oxygen, we adopted a layer model of perovskite ABO 3−x where the perovskite structure is described as a cubic close-packed arrangement of AO 3−x layers between which one-fourth of the octahedral interstices are filled by B cations 25 . In this framework, the SrO 3 (111) plane of SrCoO 3 can be represented by a repeated unit of [SrO-O2] ( Supplementary Fig. 9 ) while structures of pristine SrCoO 2.5 , 1V-LRS and NSCO were decomposed as cubic-close-packed stacking of different SrO 3-x layers, as shown in Supplementary Fig. 10 and Fig. 4 . At first, Vo rows appear in every three O2 rows in pristine SrCoO 2.5 (Fig. 4a) ; as the voltage increases from 0 to 1 V, more Vos were created in the SrO planes in 1V-LRS (Fig. 4c ). In NSCO, Vos rearranged and new Vo rows formed (Fig. 4e) . Dynamically, the Vo migration paths can be interpreted as following: in an external field, O ions can diffuse from their sits on SrO rows (e.g., the row A in Fig. 4b ) to the adjacent Vo rows (e.g., the row B) as indicated by green arrows, or diffuse from their sits on SrO rows on layer' to the Vo rows on the nearby layer I and vice versa (e.g., from C to B) as indicated by the light blue arrows by a single diffusive step in Fig. 4b ; later the O ions on the Vo rows B diffuse out of the crystal easily by moving along the vacant row, leading to the 1V-LRS structure. This is in good agreement with the low activation energy barrier height in the calculation of oxygen diffusion pathways 26 . At a critical voltage of 1.5 V, the O ions further diffuse from the O2 rows (e.g., the row D) to the sits on neighboring SrV O planes (e.g., the row E) or to the closest SrV O planes on the neighboring layer (e.g., the row A) as indicated by the light blue arrows in Fig. 4d . Thus, another Vo row D forms at the position of original O2 row as shown in Fig. 4e , leading to a transformation to the NSCO lattice. The Vo rows in the SrO 3−x (111) layer provide a natural channel for oxygen extraction and also act as a preferred state for the induced Vos.
In summary, by using the state of the art in situ STEM characterization with atomic image resolution, we demonstrated the extraction process of the oxygen ions in SrCoO 2.5−σ from every second SrO layer under an electric field, which eventually leads to a sudden structural phase transformation at a critical voltage of 1.5 V. V O rows are not only natural oxygen diffusion channels, but also preferred sites for induced V O s. The directly observed experimental pictures of the oxygen migration process at the atomic scale shed light on the atomistic mechanisms of an electric-induced structural phase transformation through electro-chemo-mechanical coupling, which can be utilized for the design of advanced functional oxide materials.
Methods
In situ sample preparation. The TEM samples were prepared by using Focused Ion Beam (FIB) milling. The cross-sectional lamella were thinned down to 100 nm thick at an accelerating voltage of 30 kV with a decreasing current from the maximum 2.5 nA, followed by a fine polish at an accelerating voltage of 2 kV with a small current of 40 pA. Next, we fixed the thin cross-sectional TEM lamella on the two electrodes of the Nano-Chip by Pt deposition in a FIB system. The top electrode and film were cut at the negative side while the bottom electrode and film were cut at the positive side, resulting in an electric field on the film. This configuration is favorable in exerting a large electric field with a small voltage because of the small thickness of films. The in-situ electric field experiments were performed using a heating and bias DH30 holder produced by DENSsolutions. ARTICLE correctors. The attainable resolution of the probe defined by the objective pre-field is 78 picometers. ABF and HAADF images were acquired at acceptance angles of 11-22 and 90-250 mrad, respectively. All of the images presented here are Fourier-filtered to minimize the effect of the contrast noise. The filtering does not have any effect on the results of our measurements. In addition, we adjusted deliberately the brightness and contrast in order to better representation of the atomic arrangements, this adjustment does not have any effect on the result. The EELS experiments were carried out with a Gatan spectrometer attached to the TEM in the STEM mode operating at 200 kV. The convergence semi-angle for the electron probe was 22 mrad. The spectrometer was set to an energy dispersion of 0.25 eV/channel. All of the spectra were acquired with a short exposure time, which was as short as 0.05 s, in a line-scan manner. Three hundred spectra were summed to avoid electron beam damage.
Density functional theory calculations. We compared the formation energies of the oxygen vacancies (V O s) at different sites. The formation energy is taken as the difference between the sum of the energies of the structure with one V O and that of an oxygen atom and the energy of the structure without V o : E form = E(Sr 32 Co 32 O 79 ) + E(O)−E(Sr 32 Co 32 O 80 ). A supercell of 2 × 2 × 1 primitive cells (i.e., 2 × 2 × 1 Sr 8 Co 8 O 20 of 144 atoms) was used. One oxygen atom is removed from the supercell to create a V O in the supercell. The structures were relaxed while the hopping of oxygen ions between sites were not considered. The in-plane lattice parameters were still fixed to the substrate (3.905 angstrom, SrTiO 3 ). The first principles calculations were performed with PBE generalized gradient approximation (GGA) and projector augmented wave (PAW) method as implemented in Vienna Ab initio Simulation Package (VASP). We used a plane-wave basis set with the energy cutoff of 450 eV and a n a × n b × n c Γ centered k-points to integrate the Brillouin zone, where n a , n b , and n c are about 20/a, 20/b, and 20/c respectively, and a, b, c are the lattice parameters in Angstrom. The pseudopotentials used are Sr_sv, Co and O as implemented in the VASP package. A DFT + U correction with an effective U = 3.5 eV was used to better describe the on-site Coulomb interaction between Co 3d electrons with an effective U = 3.5 eV. The structures are fully relaxed until the residual forces are below 10 −2 eV/Å. The magnetic structures are assumed to be G-type antiferromagnetic, as in the pristine SrCoO 2.5 with the Ima2 structure.
